A set of maps that illustrate the key results of a study on glaciers and late Holocene glacier change in the eastern Nyainqêntanglha Range, southeastern Tibet, is presented. The cartographic challenge was to present this information in a way that focuses on the most important findings but retains as much detail as possible. The layout is based on two main maps showing two different sets of information for the same area; one map of glacier types and distribution and one map of calculated equilibrium line altitudes (ELA). Additionally, two inset maps provide a regional topographic overview and information on ELA change since the Little Ice Age maximum glacier advance. Through this approach, the viewer is able to combine the different sets of information individually for different parts of the study area. Insights into the complex couplings of climate, relief, and glaciers can thus be obtained. The maps reveal heterogeneous spatial patterns of glacier and ELA distributions. These reflect the interplay of the high-mountain topography and the primary moisture sources, the Indian Summer Monsoon and the East Asian Summer Monsoon. Specifically, luv-lee effects and the channeling of monsoonal air masses through the valley system can be observed at catchment to regional scales. The patterns of ELA change since the Little Ice Age indicate that glacier sensitivity to climate change is decreasing toward regions with increasingly continental climate in the eastern Nyainqêntanglha Range.
Introduction
The remote eastern Nyainqêntanglha Range in southeastern Tibet is located in a transition zone between warm-wet subtropical and cold-dry plateau climate conditions (Maussion et al., 2014) . In this high mountain environment, intense monsoonal precipitation during summer supports numerous temperate glaciers despite the latitude of 298 to 318N. Due to the importance of monsoonal air masses for the water cycle of the whole region, it is a key area to study climate change and glacier dynamics in High Asia. These glaciers act as a long-term water storage and source for the major rivers of South-and Southeast Asia supplying water for more than one billion people (Immerzeel, van Beek, & Bierkens, 2010) .
Recent large-scale remote sensing studies have shown that glaciers in the eastern Nyainqêntanglha Range are highly sensitive to climate change and retreated strongly during the last decade (Gardelle, Berthier, Arnaud, & Kääb, 2013; Neckel, Kropáček, Bolch, & Hochschild, 2014) . However, climatic records and glacier mass balance measurements are scarce in the study area. It is therefore a key challenge to improve understanding of the coupling between glacier and climate changes in this region. Data on past glacier changes and their linkage to climate potentially provide fundamental insights into the spatio-temporal dynamics of complex climate-relief-glacier interactions (Owen & Dortch, 2014) . A key measure for the state of glaciers is the equilibrium line altitude (ELA), i.e. the theoretical line at which accumulation and ablation are in balance (Benn & Lehmkuhl, 2000; Porter, 1975) . Several studies have demonstrated the possibility of deriving reliable estimate of present and former ELAs by methods that are based on measurements of geometric parameters of glacial geomorphological features (e.g. Heyman, 2014; Meierding, 1982; Savoskul, 1997) . However, the possible effects of local topography and climate have to be considered carefully (e.g. Anderson, Roe, & Anderson, 2014; Evans, 1990; Warren, 1991) . Multi-temporal ELA calculations provide a promising tool to obtain information on glacier change and regional climate patterns, e.g. atmospheric circulation patterns and moisture sources (Benn & Lehmkuhl, 2000) .
In the context of ELA calculations for the late Holocene, the maximum of the Little Ice Age (LIA) glacier advance is of particular importance. This worldwide cooling period began in the sixteenth century and lasted until the end of the nineteenth century (Grove, 2003) . Its maximum therefore represents the last major turning point in glacial development, switching from an advancing to a retreating regime. Theoretically, all glaciers were in a steady-state at their LIA maximum advance, i.e. ice mass and geometry were in equilibrium with climate (Benn & Lehmkuhl, 2000) . Taking into account different glacier response times due to size, topography, etc., the ELA of the LIA maximum represents an important reference level for the evaluation of post-LIA glacier changes (Anderson et al., 2014; Maisch, 1981) . In the study area, dendrochronological studies have shown that vegetation succession delineates moraines of the LIA maximum glacier advance (Bräuning, 2006; Bräuning & Lehmkuhl, 1996) . It is therefore possible to determine the LIA maximum glacier extent from satellite imagery.
The Main Map presented here is the result of a study in which 1964 glaciers in the region were mapped using a Landsat ETM+ satellite image from September 1999 (Loibl, Lehmkuhl, & Grießinger, 2014) . The resulting dataset was subsequently parameterized using digital elevation model (DEM)-based measurements (e.g. glacier terminus, summit, and ridge altitudes) and glaciological attributes (e.g. glacier types). Geomorphological evidence allowed identification and measurement of terminus positions of the LIA maximum glacier advance. This large data set provided the basis for estimating ELA using an optimized toe-to-ridge altitude method (TRAM) for both stages, 1999 and LIA.
The key cartographical challenge was to present this wealth of information in a way that focuses on the most important findings but retains as many details as possible. A layout with two main map frames showing different information sets for the same area was chosen. Two additional inset maps provide a topographic overview of the wider area and insights to late Holocene ELA change.
Study area
The eastern Nyainqêntanglha is an east-west-oriented mountain range that stretches from the high plateau of Tibet in the West to the Great Gorges in the East (Figure 1 ). The core study area covers 35 × 10 3 km 2 in the central part of the range. Its outline is shown on the Landsat ETM+ scene used for the mapping (Figure 2 , see also 3.1). The region is a high mountain environment with numerous summits .6000 m a.s.l. and a maximum elevation of 7800 m a.s.l. at Namcha Barwa ( Figure 1 ). Average ridge altitudes increase from 4500 m a.s.l. in the southeast to 5700 m a.s.l. in the main range of the eastern Nyainqêntanglha. As a consequence of intense tectonics related to the eastern syntaxis of the Himalaya orogen, great fault systems are apparent which prescribe the major valley system (Burg et al., 1998; Seward & Burg, 2008) . Many of these valleys are deeply incised, resulting in a rugged topography with typical catchment relief of 2500 to 3500 m (Finnegan et al., 2008) . Maximum relief in the study area is at the eastern side of Namcha Barwa, where the drop from the highest summit to the Yarlung Tsangpo -Brahmaputra valley floor is 6800 m within a horizontal distance of 30 km (Figure 1) .
In summer, the local climate is controlled by warm-wet monsoonal air masses crossing the study area predominantly from the south through the Yarlung Tsangpo -Brahmaputra valley (Molnar, Boos, & Battisti, 2010; Yang, Bräuning, Dong, Zhang, & Keqing, 2008) . The monsoonal air masses carry large amounts of moisture and make the eastern Nyainqêntanglha Range the region with the highest average precipitation rates of the entire Tibetan Plateau (Zhou et al., 2007) . More than 80% of the annual precipitation occurs from June to September (Zhu, Xu, Shao, & Luo, 2013) . During the winter month the westerlies dominate the circulation patterns, conveying mainly cold-dry air masses from the Tibetan Plateau.
For glaciers in the area, the climatic situation creates a coincidence of accumulation and ablation during the summer months. The glaciers have a maritime temperature regime and show remarkably high ice flow velocities (Zhou et al., 1991) . For two glaciers in close proximity to the study area Zheng, Zhao, Li, and Wang (1999) glacier, 96806.06 ′ E, 29832.05 ′ N) and 533 m/yr (Minyong glacier, 98841.010E, 28826.330N). In contrast, the climatic conditions make winter a phase of relative stability for the glaciers. Wagnon et al. (2013) measured no winter accumulation for monsoonal glaciers in Nepal.
Large moraines encompassing the paraglacial areas are abundant in the eastern Nyainqêntanglha Range. Several case studies have focused on mapping and dating these landforms at different glaciers, strongly supporting an LIA age of formation (e.g. Bräuning, 2006; Bräuning & Lehmkuhl, 1996; Xu & Yi, 2014; Zhu et al., 2013) .
Methods

Data and glacier mapping
For glacier mapping, a late summer satellite image scene is required to ensure only multi-annual ice is mapped (Paul et al., 2010) . Furthermore, cloud cover and fresh snow are not desirable Figure 2 . The study area in the Landsat ETM+ scene from 23 September 1999 which was used for mapping (channels 5-4-3). Note the vegetation gradient form south to north, the partial cloud cover and the absence of fresh snow. Background hillshade is based on SRTM data (Jarvis, Reuter, Nelson, & Guevara, 2008). because they may obscure glacier outlines. In the study area, monsoonal cloud cover is usually dense until the end of September and the last precipitation events of the monsoon season are often light snowfalls in November. Consequently, potential scenes are limited to a small time frame around October. Furthermore, the failure of the Landsat 7 Scan Line Corrector (SLC) made all scenes collected after 31 May 2003 unusable for comprehensive scientific surveys. The scene from 23 September 1999 offers a good compromise with very little snow cover on unglaciated surfaces and less than 10% cloud. Most mapping was performed using a composite of channels 5-4-3 pansharpened to 15 m resolution (Figure 3) .
The glacier mapping procedure was split into three separate phases. In the first phase, icecovered surfaces were delineated in an expert-driven manual mapping process. Automation of the mapping procedure, as discussed by Bhambri and Bolch (2009) , was not possible due to the challenges posed to the delineation of glacier outlines by supraglacial debris or cloud cover. Cloud-covered sections of glacier outlines were bridged by straight lines in accordance with the guidelines of the world glacier-monitoring service (Müller, Caflish, & Müller, 1977) . Debris cover obscures the outlines of glacier tongues because its spectral characteristics are very similar to those of surrounding material, such as lateral moraines and bedrock (Nicholson & Benn, 2006) . In order to map glacier extents in these settings correctly, typical debris-coverrelated structures were examined in a case study (Figure 3, see Loibl et al., 2014 , for further details). This included flow patterns, water discharge structures, melting ponds, and collapse structures. Even though the insights from this case study helped with interpretation, a relatively high level of uncertainty remained in debris-covered glacier settings (see also Scherler, Bookhagen, & Strecker, 2011) . In most clean ice settings, ice margin and moraine positions could be easily identified (Figure 3 ). According to Nyquist sampling theory, however, the Landsat ETM+ resolution of 15 m does not allow mapping of elements ,30 m (Arrell, Wise, Wood, & Donoghue, 2008). In the study area's complex high mountain environment, the detectable minimum object size is often larger, because the effects of shading, different lithologies, different vegetation, etc., often exacerbate object identification.
The second phase of mapping involved identified ridgelines. These were extracted automatically using ArcGIS' stream delineation tools on a hole-filled inverse SRTM DEM with 90 m resolution (Jarvis et al., 2008) . The result was then corrected by matching it to ridge areas in a topographic position index raster (Jenness, 2006) and checking it manually using ASTER GDEM2 (30 m resolution) and Landsat ETM+ data. The generated ridgelines allowed cutting the ice-cover mapping into individual glaciers.
The final phase of mapping involved parameterization of the dataset. This included several DEM-based measurements such as summit, ridge, and glacier terminus altitudes. For glaciers that fulfill the criteria to be used for ELA calculation (see 3.3), the position of the terminal moraine of the LIA maximum glacier advance was determined using geomorphological evidence (Figure 3) . At most glaciers in the study area, the LIA terminal moraines are well developed and can be identified on the Landsat ETM+ image. Furthermore, in agreement with the findings of Bräuning (2006) , at many glaciers the outer walls of LIA moraines are covered by forests, whereas the inner walls and paraglacial areas within the LIA moraines are almost free of vegetation. In cases where no clear terminal moraine was detectable, either because they were not developed or because the Landsat ETM+ data did not allow precise identification, no measurements of LIA terminal moraine altitude were conducted. Otherwise, the altitudes were obtained from the DEM data. For 862 glaciers, LIA terminal moraine altitudes were measured, including all 688 glaciers that were finally used for ELA calculation and 174 that were filtered out in later phases of the ELA quality evaluation (see 3.3).
Glacier classification
Glacier morphology and topographic position have a substantial influence on glacier dynamics (i.e. accumulation, ice flow, and ablation) and are therefore highly relevant for ELA calculation (Benn & Lehmkuhl, 2000) . The mapped glaciers were classified based on a differentiation that focuses on these aspects. The classification concept is mostly in line with standard concepts for glaciers constrained by topography (Benn & Evans, 2010; Cogley et al., 2011; Rathjens, 1982) . However, some details differ because of the focus on ELA-relevant glacier morphology. The four basic glacier types used in this study are (Figure 4 ):
(1) plateau glaciers on generally flat summit tracts, (2) slope glaciers in open slope positions, Figure 4 . Typology of glaciers used in this study: (1) ice cap and ice fields, (2) slope glacier, (3) cirque glacier, and (4) valley glacier. Brown material symbolizes the debris-covered tongue of many valley glaciers in the study area.
(3) cirque glaciers in 'armchair' shaped bedrock hollows, and (4) valley glaciers where iceflow reaches the valley bottom.
In order to distinguish between different types of large valley glaciers, two additional categories were introduced. 'Complex valley glaciers' consist of one main valley glacier and one or more smaller tributaries (e.g. cirque or slope glaciers). Cases in which several valley glaciers join were defined as 'valley glacier networks'.
ELA calculation
In the high-mountain environment of the eastern Nyainqêntanglha Range neither reliable glacier mass balance data nor high-quality DEMs are available. Several sophisticated methods to calculate ELAs could therefore not be applied. For example, the 'accumulation-area-ratio' (Porter, 1975) and the 'accumulation-altitude balance ratio' (Osmaston, 2005) both require reasonably accurate DEMs, whilst the 'balance ratio' (Furbish & Andrews, 1984) method is based on reliable mass-balance measurements. Several simplifying morphometric approaches allow for ELA calculations from elevation measurements: the 'toe-to-headwall altitude ratio' (THAR; Richmond, 1965) , the 'toe-to-summit altitude method' (TSAM; Louis, 1955) , and the 'toe-to-ridge altitude method' (TRAM; Höfer, 1879). All of these methods are based on the assumption that the ELA is at a fixed portion between the highest point and the lowest point of a glacier. As indicated by the methods' names, the differences between the concepts regard the definition of the highest point of glacier ( Figure 5 ). For the TRAM method, the 'average ridge altitude' was defined as the arithmetic mean of the most prominent summits and passes at the glacier's ridgeline (Loibl et al., 2014) . The values were obtained through manual DEM-based measurements.
A comparative evaluation of the three methods first showed that the THAR could not be applied because the headwall cannot be identified using Landsat ETM+ imagery. In contrast, Figure 5 . Schematic diagram of the three morphometric approaches of ELA calculation: toe-to-summit altitude method (TSAM), toe-to-ridge altitude method (TRAM), and toe-to-headwall altitude ratio (THAR). The arrows indicate the approach of calculating an average ridge altitude as the arithmetic mean of an equal number of peaks and passes from the back wall. the TSAM and TRAM allowed rapid data collection. A more detailed comparison including ELAproxies such as the late summer glacier snowline (transient snowline, see also Figure 3 ) revealed that the TRAM provides slightly better results and using a 0.5 TRAM ratio (Loibl et al., 2014) ; this was consequently applied. However, the quality of the calculations was dependent on the choice of appropriate glaciers. Therefore, a set of criteria was defined to regulate the exclusion of glaciers from the ELA calculation. Specifically, glaciers were omitted which have glaciological or geomorphological features that lead to non-linear mass balance gradients, obstructed ice flow, or obstacles which constrain the glacier's potential to react to climate changes. The following exclusion criteria were applied (see Loibl et al., 2014 , for details):
(1) 'debris cover' on glacier tongues, (2) 'reconstitution' of glaciers through intermittent ice falls, (3) 'valley floor limitation' where glaciers reach flat valley bottoms, and (4) 'detachment of tributaries' where parts of a glacier detached during post-LIA retreat.
At 688 of the 1964 glaciers, remote sensing and DEM-based measurements were possible and none of the exclusion criteria was met; these were subsequently used for ELA calculation. This included both phases, 1999 and the LIA. The ELA calculation of the LIA maximum glacier advance used the same ridge-altitude value, with the toe-altitude measured using geomorphological evidence (see 3.1).
The resulting point-data was interpolated using the 'inverse-distance-weighted' (IDW) algorithm (Watson & Philip, 1985) . However, in the subtropical latitudes of the study area, pronounced ELA differences between northern and southern aspects exist (Evans, 2006; Evans & Cox, 2005) . The ELA calculation was therefore performed twice; in the first run northwestern, northern, and northeastern aspects were excluded, in the second southwestern, southern, and southeastern excluded. Subsequently, an arithmetic mean of the two resulting raster datasets was calculated in order to obtain a result that smoothes out the most extreme effects of different insolation intensities but retains local variability. By this procedure the E and W aspect measurements, which were incorporated in both raster datasets, were relatively increased in weight. The DELA data was obtained by subtracting the 1999 from the individual LIA values. For the interpolation of this dataset, the 'universal kriging' algorithm using a full second-order polynomial drift function was applied (Zimmermann, Pavlik, Ruggles, & Armstrong, 1999) . In comparison to IDW, less local variability is retained but general trends in the data are more clearly visible (Chaplot et al., 2006) .
Post-processing
Several post-processing steps were necessary in order to obtain clean vector datasets. First, reclassified versions of the ELA (50 m intervals) and DELA (20 m intervals) were generated from the raw raster results. Local noise was removed and the boundaries between the resulting zones were smoothed by a shrinking and expanding algorithm with descending sorting. Subsequently, the raster files were converted into polygons and smoothed further by applying a bezier interpolation. In both ELA maps, interpolation results in marginal areas without data points at a distance of more than 10 km were excluded manually. Furthermore, all line shapefiles (i.e. rivers and ridges) were smoothed in ArcGIS. A hillshade raster file was generated from the DEM data.
Map design
The key cartographic challenge was to present the wealth of information obtained in the study in a legible and intuitive way. The map design therefore focuses on the presentation of the most important findings. With scales from catchment to regional, the approach aimed to retain as many details as possible. The layout is based on two main maps showing two different sets of information for approximately the same area; glacier types and distribution in the left frame and calculated ELAs in the right. The idea behind this approach is to enable the viewer to combine the different sets of information individually for different areas.
The left map shows the distribution of glaciers and glacier types as mapped from the 1999 Landsat ETM+ scene. In the background, a subtle greyish hillshade provides an impression of the overall topography. The major rivers support this and additionally highlight the course of the major valleys. In order to allow for a distinct and subtle, yet perceivable representation of the river network, thus blue lines with arrows showing flow direction were chosen. The symbol design of the glaciers in the foreground was particularly challenging because two requirements had to be met: (1) very small and very large glaciers must both be clearly visible and, (2) different glacier types must be clearly identifiable, no matter whether glaciers in the immediate vicinity or far away from each other are considered. Consequently, outlines were omitted and an intense color ramp chosen for the fills. Here, a color-temperature gradient was applied in which cool colors represent 'higher' glacier types. These types comprise most large glaciers. 'Lower' glacier types are displayed with warm colors. Consequently, most small glaciers are colored in purple and beige and therefore clearly visible. Furthermore, the glaciers used for ELA calculation were marked by black circle symbols in order to show the distribution but not clutter the overall layout. Unglaciated areas in the northeastern and southwestern parts of the map were used for an overview map and the legend, respectively. This in-map positioning helped to keep the layout compact despite the wealth of information.
Spatial patterns of ELA-and DELA-distributions are displayed on the right map. In order to support easy cross-referencing, the river-network map was adopted from the left map. Additionally, major ridges were added to clarify the effects of topography on the ELAs, specifically leeward shelter and orographic precipitation. ELAs were classified at 50 m intervals and symbolized using a color gradient from blue to red. These colors underline the message of how favorable conditions are for glaciers; specifically, cool bluish colors imply low ELAs and warm reddish colors high ELAs. Contour-style labels were added in order to improve the legibility of absolute ELA values. Marginal areas without data points at a distance of more than 10 km were excluded manually, because here the interpolated data does not represent empirical measurements. These areas in the northeastern and southwestern parts of the map were filled with a white background and used for inline display of the auxiliary DELA map. The DELA map shows the post-LIA ELA change at 20 m intervals. All measured DELA values were negative. Therefore, a color ramp from white to red was chosen in order to visualize the spatial distribution of negative trends.
Interpretation
The maps depict several aspects of the complex high mountain environment in the eastern Nyainqêntanglha Range. The spatial distribution of glaciers shows a high level of heterogeneity. The largest glaciated areas and the greatest number of 'high' glacier types (i.e. the different types of valley glaciers) are concentrated in the northwestern part of the study area. Further to the north and particularly to the northeast, the number of glaciers mapped for 1999 is decreasing and glacier types are 'lower' in comparison. In general, glaciated areas are attached to approximately eastwest running ridges in most settings in the study area.
Similar patterns can be observed in the ELA map where steep ELA-gradients coincide with the positions of major ridges in many settings. These local ELA phenomena can be interpreted in relation to moisture sources and atmospheric circulation patterns (i.e. the monsoonal system) and its pathways through the study area (Benn & Lehmkuhl, 2000) . A clear imprint of the valley system, which is represented by the river network on the map, can be observed in the spatial distribution of ELAs. This implies that the monsoonal air masses are channeled by the valley system. Furthermore, patterns of orographic precipitation and leeward shelter can be observed in many settings. These are particularly obvious in the large northwestern range but many other settings with ELA troughs in front of ridges and peaks in lee positions exist (Figure 6 ). In most parts of the study area, these patterns indicate moisture advection from southern directions. This fits well with observations of the modern circulation in Asia and can be attributed to the Indian Summer Monsoon (e.g. Wang, Liu, & Herzschuh, 2010) . However, in the eastern part of the Parlung Tsangpo Valley and in the Bodui Valley, luv-lee effects can also be observed on northsouth running ridges. This indicates another moisture source in the East, probably the East Asian Summer Monsoon. The meteorological data available support this assumption: Nyingchi in the southwestern part of the study area shows a monomodal precipitation regime (683 mm/ year) whereas Bomi in the eastern part has two precipitation peaks and considerably higher total precipitation (895 mm/year, Loibl et al., 2014) . The clear dependence of ELA troughs and peaks on topography further strengthens the hypothesis that the pathways of monsoonal air masses are prescribed by the valley system. Consequently, the majority of moisture is probably being transported at altitudes below the average ridge elevation in the study area (i.e. considerably below 6000 m a.s.l.). Figure 6 . Interpretation of the spatial distribution of ELAs. Peaks and troughs are closely linked to topography (i.e. valley system and major ridges). Consequently, ELA-troughs and -peaks in close proximity to ridges are interpreted as a result of orographic precipitation and leeward shelter, respectively. Note that the overall distribution of ELAs roughly traces the valley system on different scales, regional to catchment.
The DELA map shows the spatial distribution of regional ELA rise since the LIA. The highest values are located in the south-central part of the study area; the maximum of 160 -180 m is close to the confluence of Parlung and Yarlung Tsangpo. Thus, the strongest change in ELAs is also observed in the areas where the main stream of monsoonal moisture encounters the major mountain ranges. Relatively low DELA values (i.e. less than 100 m) are in the northeastern part of the study area. Several leeward shelter positions mentioned above also show relatively low ELA rises. Thus, the frequently observed negative correlation of increasingly continental climate and decreasing glacier sensitivity to climate change also seems to be valid in the eastern Nyainqêntanglha Range (e.g. Bolch, 2007; Hoelzle, Haeberli, Dischl, & Peschke, 2003) . The trench of ,100 DELA values that crosses the Yarlung Tsangpo valley in the southernmost part of the map is probably an artifact of interpolation since there are no data points in this area.
Conclusions
The maps provide insights into the spatial distribution of glaciers and the associated spatial ELApatterns for the eastern Nyainqêntanglha Range. Furthermore, the measurements of geomorphological evidence of the LIA maximum glacier advance allowed analysis of the spatio-temporal distribution of post-LIA glacier retreat and ELA change. A close link between the spatial patterns of ELAs and topo-climatic parameters is evident. The dataset thus provides important clues to improve understanding of the coupling between glacier and climate change in this region. Key findings comprise: -All glacier margins in the study area retreated since the LIA and all DELA values are negative -ELA patterns are closely linked to topography, indicating (a) a strong influence of luv-lee effects and (b) an important channeling influence of the valley system for monsoonal air masses -ELA calculations yield good results at different scales, regional to catchment, indicating a good performance of the calculation and interpolation methods.
The layout consisting of two main map frames and two additional inline maps enables the viewer to investigate the complex setting. This is achieved by a step-wise approach that aids intuitive immersion into the subject matter (i.e. by arranging elements following their complexity approximately in the direction of reading). The layout of the different elements is designed to support an intuitive understanding of the data.
Software
All data processing, mapping, and map design was performed using Esri ArcGIS 10.1. Raster files were processed in Adobe Photoshop CS4. Adobe Illustrator CS4 was used for vector file optimizations and the final PDF-file export.
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